Among various methods of heteroepitaxial thin film growth, deposition from the bulk has attracted considerable attention in the recent years owing to interest in twodimensional crystals such as graphene. In this approach, analogous to crystal growth from a liquid melt, material of interest diffuses out of the substrate upon cooling and forms a crystalline film on the substrate surface. For graphenebased devices, where graphene-metal contacts are necessary, dissolution of carbon into (and subsequent deposition from) the bulk of the metal can lead to undesirable layer thickness, quality (determined by the orientations and density of rotational domains), and hence electronic properties. [1] [2] [3] [4] Therefore, a fundamental understanding of the mass transport mechanisms leading to the growth (and dissolution) of graphene via segregation from the bulk metal is essential for the development of large-scale graphene electronics. Here, we choose Pd, which has high solubility for carbon ($1.5 at. % at $900 K) 5 and is known to form the best electrical contact with graphene, 6 and investigated the growth kinetics of graphene via segregation of C atoms from the bulk.
In the absence of an external carbon source, as in our experiments, the growth of graphene domains on the surface of a carbon containing Pd crystal involves two basic processes: (i) transport of C atoms from the bulk to the surface followed by and (ii) attachment of the C adatoms along the graphene domain edges. The nucleation density of graphene domains is controlled by the surface concentration C ad of C adatoms, which depends on the rates of diffusion of C atoms to the surface and their incorporation into existing graphene domains. On Ru(0001), the rate-limiting step controlling graphene growth was found to be diffusion of C from the Ru crystal to its surface. 7 As a consequence of slow diffusion, C ad decreased after nucleation of graphene and resulted in low nucleation densities. Here, we find quite different behavior for the growth of graphene on Pd(111). Graphene nucleation continues to occur until about one-half monolayer coverage. Individual graphene domains grow at a constant rate, indicating that their growth is controlled by the rate of C adatom attachment to the domain edges. Interestingly, the domains nucleating at later times are found to grow faster than those forming earlier, suggesting that C ad increases with increasing time. We provide additional evidence in support of this unexpected increase in C ad using electron reflectivity measurements and density functional theory (DFT) calculations of work functions U Pd (t) of graphene-free Pd surfaces, which decrease by as much as 0.9 eV during graphene growth. Our results indicate that C adatoms are as stable as graphene on Pd(111) as a consequence of which extremely large concentrations of adatoms exist both during growth and dissolution of graphene. We attribute this phenomenon, previously not observed on other metals, 8, 9 to a combination of strong C-Pd binding energy and the presence of a barrier for attachment of C adatoms to graphene.
All the graphene growth experiments are carried out on a carbon-saturated Pd(111) single crystal in an ultra-high vacuum (UHV, base pressure $1 Â 10 À10 Torr) LEEM system. 10 Details of the sample preparation procedure are presented in Refs. 3 and 4. The substrate temperatures T are measured using a type-C thermocouple spot-welded to the sample. The sample is cooled from 960 C to 880 C at the rate of 1 K/s and held constant to facilitate the growth of monolayer graphene. Subsequent heating of the sample above the graphene growth temperature, for example, from 880 C to 890 C, leads to dissolution of the as-grown graphene layers. This approach enables multiple and reproducible growth experiments on the same sample and within the same regions of interest on the surface. Bright-field LEEM images are acquired at the rate of 2 frames/s while continuously varying the incident electron energy E between 0 and 6 eV in steps of 0. graphene domains 3 and the structure of non-graphitic carbon adsorbed on the surface. LEEM image intensities I(E,t) and the graphene domain sizes R(t) are measured as a function of time t using ImageJ, an image processing software, as follows. At each E and t, I(E,t) is determined as the spatial average of the intensities of all pixels within a given area. ) and checked for consistency. The sizes R(t), defined as the square root of the sum total of all pixels within a graphene domain, are obtained from the images acquired at E ¼ 6 eV, where graphene domains can be clearly distinguished from the bare Pd regions. The results presented here are representative of all of our measurements.
All of our DFT calculations are performed at the level of local-density approximation (LDA) using the double-zeta basis set and the Ceperley-Alder exchange correlation functional. 11 Both the atomic positions and the lattice vectors in the surface slabs are relaxed until residual forces fell below 0.04 eV/Å , with an energy convergence tolerance of 10 À5 eV for electronic structure calculations. The mesh cutoff is 250 Ry, the vacuum spacing is 15 Å , and the Brillouin zone is sampled with 12 Â 12 Â 1 grids during structural relaxations and with 30 Â 30 Â 1 grids for single-point energy and U Pd calculations. Given that Pd and C can form several carbides Pd x C, 12 and since random distributions of C adatoms either on Pd(111) or on Pd x C phases with different surface orientations lead to a very large number of C/Pd structures, calculations for all the possible configurations at each concentration C ad are computationally expensive and beyond the scope of the current report. Instead, we limit our DFT calculations to a smaller set of carbide-free Pd(111) surfaces, and the three relatively stable Pd x C phases 12 with x ¼ 1, 3, and 6, i.e., Pd 6 C, Pd 3 C, and rocksalt-structured PdC. The adsorption energy per C adatom, E ad , is calculated as
ÀEðC ad Þ=N C , where N i and l i (with i ¼ Pd or C) are the number and the chemical potential, respectively, of type i atoms, and E(C ad ) is the total energy of the relaxed structure at a given C ad . Figures 1(a)-1(d) are typical LEEM images acquired from a C-saturated Pd(111) sample during the growth of monolayer graphene at T ¼ 895 C. Fig. 1 (e) and the inset show time-dependent increases in the individual domain sizes R(t) and the total areal coverage f G of all the domains within the field of view, respectively. Within t ¼ 50 s, graphene islands, the bright spots in Fig. 1(a) , have nucleated; nucleation continues to occur until about one-half monolayer coverage of graphene. For example, the graphene domains 1, 2, and 3 highlighted by green, red, and blue circles nucleate $16 s, 50 s, and 91 s, respectively, after the initial nucleation. We find that the individual domains grow linearly with time, i.e., R / t. From the least-squares linear fits to the R(t) data, we obtain the growth rates dR/dt ¼ 0.01, 0.03, and 0.06 lm/s for the domains 1, 2, and 3, respectively. That is, the domains nucleating at later times grow faster than their predecessors.
The constant growth rate dR/dt is consistent with attachment-limited kinetics, 13, 14 where areal growth rate dR 2 /dt of the domain scales with its perimeter. (The underlying assumption is that the Gibbs-Thomson effect is negligible, which is valid for the large graphene domains observed in our experiments.) In comparison, for bulk diffusion limited growth of graphene, as observed on Ru(0001), 8 R increases non-linearly with t as R / t 1/4 . Attachment-limited growth kinetics are expected if (i) the bulk diffusivity of C atoms is sufficiently high and/or an ample supply of C atoms exists on or near the surface at all times, and (ii) there exists a barrier for the attachment of C atoms at the edges of graphene domains. The former criterion is likely satisfied, because we know from our previous experiments 4 that multiple layers (>10) of graphene can be grown readily on our Pd(111) crystal by lowering the temperature. The latter condition is plausible as the growth of graphene on other metals required the attachment of C atom clusters rather than individual atoms. 9 As noted earlier, the domain growth rate depends on its nucleation time. In order to explain this result, we propose that C ad increases with t and justify our hypothesis below using electron reflectivity measurements and DFT calculations.
During graphene growth, we observed a drastic decrease in the image intensities I(t) of graphene-free Pd regions. This The data is collected following the procedure outlined in Refs. 3 and 4 and assuming that the work function of electron gun filament is 3.4 eV, which is accurate to within 0.3 eV. We find that U G remains essentially constant at $4.3 eV at all times during graphene growth and dissolution processes. In contrast, U Pd decreases from $5.3 eV to $4.5 eV with increasing time at the growth temperature; upon heating, as graphene begins to dissolve, U Pd increases from $4.2 eV to $4.9 eV. The difference in the final value (4.5 eV) measured at the growth temperature, and the initial value (4.2 eV) measured at the dissolution temperature is likely due to the time elapsed during the temperature change. In our experiments, the rate of change in U Pd depends on both the substrate temperature and time. And the absolute values of U Pd vary with the geometry of graphene domains and graphene-free regions in each experiment. The observed decrease (increase) in U Pd with time during graphene growth (dissolution) at a given low (high) temperature is a direct indication that the surface or sub-surface composition of graphene-free regions is changing with time and that these changes can be reversed by increasing (decreasing) the temperature. In what follows, we provide evidence that this phenomenon can be explained by the accumulation of non-graphitic carbon, as C adatoms and possibly as carbidic phases (Pd x C), in or under the Pd surface during graphene growth.
LEED data provide additional insight into the significant decrease in U Pd during graphene growth. At the growth temperature, the LEED patterns of the graphene-free Pd contained only the same diffraction spots as clean Pd(111), as shown in Fig. S3(a) . However, at lower temperature (T ¼ 37 C), we found additional spots corresponding to (ͱ3 Â ͱ3) R30 structure [ Fig. S3(b) ]. This symmetry is commonly observed on close-packed metal surfaces covered by adsorbates with repulsive interactions. 17 We suggest that the observed surface structure is due to the presence of a high density of C adatoms on the Pd surface. The absence of additional LEED spots at the graphene growth temperature could result either from a lack of order or a lower density of C adatoms.
In order to understand the relationship between the measured U Pd and the concentration C ad of C adatoms in the vicinity of Pd(111), we turn to DFT. Fig. 3 shows the calculated U Pd vs. C ad for a few adatom configurations [e.g., Figs. S4(a)-S4(d)]. In these calculations, C ad ¼ 100% corresponds to one monolayer of graphene. For C ad 40%, we obtain U Pd values higher than that of pure Pd(111). However, at C ad ! 50%, U Pd is 0.5 to 0.9 eV below that of pure Pd(111) with the largest change (0.9 eV) observed for the adatom configuration with C ad ¼ 50% shown in Fig. S4(a) . The presence of Pd x C phases, with x ¼ 1, 3, and 6, lowers the U Pd a little ($0.05 eV) with respect to that of the pure Pd(111). DFT calculations indicate that the rocksalt-structured PdC is unstable during surface slab relaxations; however, a single subsurface layer of C atoms in the rocksalt configuration is stable and reduces U Pd by 0.15 eV. Clearly, surface carbides alone cannot account for the large ($0.9 eV) decrease in U Pd . Based upon our DFT calculations, we suggest that a large concentration of C adatoms, perhaps accompanied by surface carbides, can decrease U Pd to the same extent as measured in our experiments.
Finally, we present a mechanism for the growth of graphene on Pd(111), schematically illustrated in Fig. 4 . Since graphene layers grow upon cooling, at the growth temperature, C atoms will segregate to the surface and their surface concentration C ad begins to increase with increasing time. At some critical C ad , graphene domains nucleate and grow. If the rate of surface segregation of C atoms is higher than the rate of their incorporation into graphene, C ad continues to increase as shown in Fig. 4 even after the initial nucleation. An additional factor that reduces the driving force to convert the adsorbed C into graphene and contributes to a high C ad is the relatively small difference DE ad between the adsorption energies per atom of non-graphitic C atoms on the surface and that of the C atoms in graphene [see the red curve in Fig. 3 ]. This process of increasing C ad (t) accounts for the higher growth rates for domains nucleating at later times and the decrease in U Pd with time.
We now use Fig. 4 to describe multilayer graphene formation. As the monolayer graphene domains grow, C atoms begin to accumulate at the graphene/Pd interface. These intercalated C atoms are the primary source of multi-layer graphene growth. 4 We expect that attachment of intercalated C atoms to the graphene edges is energetically more favorable than the attachment of C adatoms on the bare Pd and that the exchange of C between the bulk and the surface is fast. Under these conditions, the intercalated C atom concentration C i quickly reaches the value in equilibrium with the graphene. Upon completion of the first monolayer growth, C i begins to increase. (The absence of C i signature in our electron reflectivity measurements of U G (t) is consistent with this scenario.) At some critical concentration, the second layer of graphene nucleates and grows. As this process continues, multilayer graphene is obtained.
In summary, we investigated the kinetics of monolayer graphene growth via precipitation of carbon dissolved in a bulk Pd(111) crystal using a combination of in situ LEEM, electron reflectivity measurements, and DFT calculations. From the measurements of growth rates of individual graphene domains, we determined that there is a barrier for attaching C atoms to graphene and that the domains nucleating later grow faster. And, work function of the graphene-free Pd decreases by up to 0.9 eV with increasing time. DFT calculations suggest that this work function change results from a high concentration of carbon adatoms, and possibly carbide phases, on the Pd surface. The ability of Pd(111) to accommodate a large concentration of nongraphitic C leads to an extended period of nucleation, while the presence of intercalated C atoms between graphene and Pd affects graphene-Pd coupling. The surface and intercalated C atom concentrations can vary with the annealing temperature as well as heating and cooling rates and can give rise to rotational domains. Since the domain density and orientations affect the strength of graphene-Pd interactions and hence the graphene-Pd contact characteristics, our studies provide insights into the role of thermal history on the performance of graphene-Pd contacts. FIG. 4 . Schematic of C concentrations during graphene growth on Pd via surface segregation of C atoms at a constant T. Even after the nucleation of graphene, C ad (blue curve) continues to increase towards C eq ad , the value in equilibrium with the bulk carbon, C eq bulk (dashed grey line). Concentration C i (green curve) of intercalated C begins to increase during monolayer growth, and when it sufficiently exceeds the value C eq G in equilibrium with graphene (the dashed red line), nucleation of the second graphene layer occurs.
